As label-free biomarkers, the electrical properties of single cells are widely used for cell type classification and cellular status evaluation. However, as intrinsic cellular electrical markers, previously reported membrane capacitances (e.g. specific membrane capacitance C spec and total membrane capacitance C mem ) of white blood cells were derived from tens of single cells, lacking statistical significance due to low cell numbers. In this study, white blood cells were first separated into granulocytes and lymphocytes by density gradient centrifugation and were then aspirated through a microfluidic constriction channel to characterize both C spec and C mem . Thousands of granulocytes (n cell ¼ 3327) and lymphocytes (n cell ¼ 3302) from 10 healthy blood donors were characterized, resulting in C spec values of 1.95 + 0.22 mF cm 22 versus 2.39 + 0.39 mF cm 22 and C mem values of 6.81 + 1.09 pF versus 4.63 + 0.57 pF.
Introduction
As label-free bioelectrical markers, membrane capacitance (e.g. C spec , capacitance per unit area and C mem , C spec multiplied by total membrane area) have emerged as promising size-independent inherent electrical indicators to estimate the status of single-cell membranes [1] . Variations in membrane capacitance are closely related to physiological and pathological processes related to red blood cells [2] [3] [4] [5] [6] , white blood cells [7 -11] , yeasts [4, [12] [13] [14] , fibroblasts [15, 16] , tumour cells [17 -21] and stem cells [22] [23] [24] .
In characterizing the C spec of normal white blood cells, Surowiec et al. reported 0.77 and 2.89 mF cm 22 for T and B lymphocytes, respectively; these values were derived from impedance spectroscopy of cell suspensions based on the Maxwell mixture theory [7] . However, the Maxwell mixture theory is only valid for dilute suspensions and does not consider the interactions between the induced cells; thus, tools enabling the electrical characterization of single cells rather than cells in suspension were further developed for the quantification of C spec [25] .
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Using electrorotation, (i) Becker et al. [26] reported 1.1 + 0.11 mF cm 22 from 20 T lymphocytes and (ii) Yang et al. [10] reported 1.05 + 0.31, 1.26 + 0.35 and 1.10 + 0.32 mF cm 22 from tens of T and B lymphocytes, and granulocytes. Owing to the limited throughput of electrorotation, in these studies, the C spec value determined from tens of cells was reported. Considering individual differences among white blood cells, the values of C spec from hundreds and even thousands of single white blood cells were preferred to obtain statistically significant results. Using dielectrophoresis, Yang et al. reported 1.33 + 0.18, 0.99 + 0.08, 0.98 + 0.01, 0.94 + 0.04 and 1.12 + 0.12 mF cm 22 for tens of T and B lymphocytes, neutrophils, eosinophils and basophils [27] . However, this approach can only provide an average value for the dielectric properties of a collection of white blood cells without the capability to determine bioelectrical property variations at the single-cell level.
To address this issue, we previously developed constriction channel (with a width and a height that were smaller than the cell diameter)-based impedance flow cytometry, enabling the quantification of C spec with an estimated throughput of one cell per second (two orders higher than for the conventional counterparts) [28, 29] . In addition, this technique was used to quantify C spec of circulating tumour cells [30] . However, since C spec measured from thousands of white blood cells is missing, C spec of circulating tumour cells and other rare cells in blood cannot be effectively compared with white blood cells.
Thus, in this study, based on the aforementioned approach, the C spec values of thousands of white blood cells were for the first time quantified. More specifically, white blood cells from healthy blood donors were first separated into granulocytes and lymphocytes based on density gradient centrifugation and were then aspirated through the microfabricated constriction channel with the travelling impedance profiles and cellular elongation lengths recorded. These raw impedance and imaging data were then converted to C spec and C mem , followed by the classification of granulocytes and lymphocytes based on neural network-based pattern recognition. Figure 1 shows the working flowchart for characterizing the C spec and C mem of single white blood cells, including the key steps of cell preparation (a), device fabrication (b), device operation (c), and data processing (d), which used the developed equivalent electrical model (e). During device operation, purified granulocytes and lymphocytes from raw blood samples based on density gradient centrifugation were aspirated into the microconstriction channels, and the impedance profiles and cellular images were recorded by an impedance analyser and a highspeed camera, respectively. Key markers, including two-frequency impedance data and cellular elongation length, were obtained from the impedance and image data, which were then converted to C spec and C mem based on a theoretical electrical model for cells travelling within the constriction channel.
Material and methods

Working flow chart
Materials
Unless otherwise indicated, all cell-related reagents were purchased from Life Technologies Corporation (Van Allen Way Carlsbad, CA, USA). The materials for separating white blood cells included whole blood samples collected from 10 healthy blood donors (see the attached ethic certification and informed consent statement), Percoll (GE Healthcare, Fairfield, CA, USA) to form solutions with wellregulated densities and Liu's stain (ASK w , Taoyuan County, Taiwan) to evaluate the purified white blood cells. The materials required for device fabrication included SU-8 photoresist (MicroChem Corp., Newton, MA, USA) and 184 silicone elastomer (Dow Corning Corporation, Midland, MI, USA).
Cell preparation
Density differences were used to classify white blood cells into two major subgroups: granulocytes (cell density: 1.08-1.09 g ml 21 , percentage: 64.7%), lymphocytes (cell density: 1.06-1.08 g ml 21 , percentage: 30.0%) (figure 1a). First, solutions of 78% Percoll with a density of 1.1 g ml 21 , 60% Percoll with a density of 1.08 g ml 21 and the whole blood solutions were added to a centrifugation tube. After centrifugation at 400g for 30 min, plasma, the combination of lymphocytes and monocytes, granulocytes, and erythrocytes were separated into different layers. Then, the purified granulocytes were suspended in RPMI (a type of culture medium) transferred to the microfluidic device for cellular electrical property characterization while the mixture of lymphocytes and monocytes was suspended in RPMI and added to a second centrifugation tube preloaded with a 50% Percoll solution with a density of 1.06 g ml
21
. After the second centrifugation at 400g for 30 min, the separated lymphocytes were suspended in RPMI and further loaded into the microfluidic device for characterization.
Device fabrication
The microfluidic device consists of a constriction channel (cross-sectional area of 4 mm Â 4 mm and a length of 100 mm) in polydimethylsiloxane (PDMS) elastomer, which was produced from a fabricated SU-8 mould master using conventional soft lithography (figure 1b). Briefly, SU-8 5 was spin coated without development to form the constriction channel layer that was 4 mm in height. Then, SU-8 25 was spin coated, exposed with alignment and development to form the cell-loading channel with a height of 25 mm. The PDMS precursor and curing agents (10 : 1 by weight) were thoroughly mixed, degassed and poured onto the SU-8 channel masters for cross-linking (4 h at 808C). Fully cured PDMS channels were then peeled away, punched with through holes as inlets and outlets, and bonded to glass slides after plasma treatment.
Device operation
As shown in figure 1c , in experiments, the device was first filled with RPMI and then loaded with white blood cells at a concentration of 10 7 cells ml
21
. A pressure controller (Pace 5000, Druck, Billerica, MA, USA) was used to generate a negative pressure between 1 and 5 kPa to aspirate white blood cells continuously through the constriction channel, and silver wires were inserted into the inlet and the outlet of the device for impedance profile recording. In operation, an inverted microscope (IX83, Olympus Inc., Tokyo, Japan) connected to a CCD (M320S, Phantom Inc., Bublin, OH, USA) was used to capture the cellular travel images in the constriction channel at 25 frames per second. Impedance data at both 1 kHz and 50 kHz were obtained using a lock-in amplifier (7270, Signal Recovery, Oak Ridge, TN, USA) with a sampling rate of 25 points per second. All the characterization experiments were conducted at the room temperature (258C).
Data processing
While the cells travelled in the constriction channel, raw two-frequency impedance profiles and images were obtained, which rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170717 were converted to four key parameters: A 1kHz (impedance amplitude at 1 kHz), A 50kHz (impedance amplitude at 50 kHz), P 50kHz (impedance phase at 50 kHz) and L elongation (cellular elongation length in the constriction channel) (figure 1d ). A distributed equivalent circuit model [29] was previously developed to model the electrical response of a cell as it travels within the constriction channel, thereby enabling the conversion of the measured A 1kHz , A 50kHz , P 50kHz and L elongation to C spec and C mem . Briefly, a cell travelling in the constriction channel was divided into n þ 1 segments, where membrane portions were treated as capacitors (e.g. C Ms , C Mp1 , . . ., C Mpn , and C Ms ) and cytoplasmic portions were treated as resistors (e.g. R C1 , R C2 , . . ., R Cnþ1 ). In addition, leakage resistors (e.g. R L1 , R L2 , . . ., R Lnþ1 ) were used to represent the sealing properties during the cellular travel process in the constriction channel. In the calculations, leakage resistors were derived from impedance data at 1 kHz while membrane capacitance and cytoplasm resistance were derived from the impedance data at 50 kHz, which were further converted to C spec and C mem based on the geometrical information of the constriction channel (figure 1e).
A two-layer back propagation neural network was used for pattern recognition (Matlab R2016a, MathWork, USA) where C spec and C mem of white blood cells were used as input parameters, respectively [29] . The complete dataset was divided into training data (70%), validation data (15%) and testing data (15%) to quantify cell classification success rates. In order to avoid the inappropriate selection of the number of neurons, a loop function was used to enumerate the neuron number from 2 to 20 with the highest cell classification success rates recorded.
Statistics
Results were represented as average + standard deviations. Student's t-test was used for group comparisons where values of p , 0.001 were considered to be of statistical significance. Figure 1 . Working flowchart for characterizing the C spec of single white blood cells. Key steps include cell preparation (a), device fabrication (b), device operation (c) and data processing (d ), which used the developed equivalent electrical model (e) [29] . During device operation, purified granulocytes and lymphocytes from raw blood samples based on density gradient centrifugation were aspirated into the microfluidic constriction channels, and the impedance profiles and cellular images recorded by an impedance analyser and a high-speed camera, respectively. Key markers, including two-frequency impedance data and cellular elongation length, were obtained from the impedance and image data, which were then converted to C spec and C mem based on a theoretical electrical model for cells travelling within the constriction channel. (Online version in colour.)
rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170717 3. Results and discussions Figure 2 shows the results of white blood cell separation, including images of layered white blood cells after centrifugation in Percoll (figure 2a,b) and microscopic images of stained granulocytes and lymphocytes (figure 2c). After the first round of centrifugation, whole blood was layered into plasma, lymphocytes and monocytes, 60% Percoll, granulocytes, 78% Percoll and erythrocytes. Then, granulocytes were collected and stained for evaluation, resulting in a purity of 99.6 + 0.8%. The collected monocytes and lymphocytes were further centrifuged in a second round, which produced separated layers of RPMI medium, monocytes supplemented with a portion of lymphocytes with comparable densities, 50% Percoll and lymphocytes ( pure). Separated lymphocytes and monocytes were stained for evaluation, and the purities were quantified to be 96.9 + 3.9% and 76.8 + 18.5%, respectively. After the separation of white blood cells into granulocytes lymphocytes and monocytes, the purities of collected granulocytes and lymphocytes were almost 100%, indicating that these two subsets were pure cells that could be further characterized by constriction channel-based microfluidic impedance cytometry to quantify cellular electrical properties. Additionally, owing to the density overlap between lymphocytes and monocytes, the separated monocytes included a small portion of lymphocytes and thus they were no longer characterized in this study due to the potential concern of impurities. Figure 3a shows the two-frequency raw impedance data of a representative cell with its corresponding microscopic image (figure 3b) when travelling through the constriction channel. Processing these raw data provided four biophysical parameters: A 1kHz , A 50kHz , P 50kHz and L elongation . During cellular travel in a constriction channel, amplitude increases at both 1 kHz and 50 kHz and phase decreases at 50 kHz were observed, whereas the phase at 1 kHz was almost zero degrees with and without cellular travel in the constriction channel.
For cases without cellular travel, the phase data at 1 kHz was approximately zero degrees; thus, the amplitude data at 1 kHz indicate the resistance of the microfluidic constriction channel. Furthermore, at 50 kHz, phase data were noticed at approximately 2208, suggesting that both the resistance of the microfluidic constriction channel and the capacitance of the surrounding PDMS contributed to the impedance amplitude. Thus, for cases without cellular travel, the impedance amplitudes at 50 kHz were lower than the values at 1 kHz.
For a travelling cell, since the electrical signals at 1 kHz must go around cell membrane portions, a corresponding amplitude increase occurs, and its value reflects the sealing properties during cellular squeezing in the constriction channel. An increase in cellular diameter leads to an increase in the elongation length, which causes an increase in the amplitude at 1 kHz during the cellular travel. Additionally, the electrical signals at 50 kHz can effectively penetrate cellular membrane portions; in this scenario, the membrane capacitance and cytoplasm resistance were in series, contributing to the impedance variations. This study used 50 kHz because at this frequency, the equivalent impedance value for the membrane portion is much higher than that for the cytoplasm portion, which can help us locate the variations in C spec among individual cells. Figure 4 shows the density scatter plot of cellular elongation (L elongation ) versus leakage resistance (R leak ) for the granulocytes (a) and lymphocytes (b) from all of the donors. L elongation is a key parameter indicating the length of the measured cells, and this value was obtained by image processing. More specifically, the L elongation values of granulocytes and lymphocytes were quantified to be 27.84 + 3.27 mm (n cell ¼ 3327) and 15.65 + 2.06 mm (n cell ¼ 3302), respectively. These results indicate that compared to granulocytes, lymphocytes were much smaller.
In addition, the R leak values of granulocytes and lymphocytes were quantified to be 29.43 + 3.93 MV (n cell ¼ 3327) and 12.30 + 2.26 MV (n cell ¼ 3302), respectively. Based on the density scatter plots, positive correlations between R leak and L elongation were found in granulocytes and lymphocytes, respectively. These results suggest that during cellular deformation in the constriction channel, an increase in L elongation leads to an increase in R leak . Furthermore, based on this positive correlation, during cellular travelling in the constriction channel, there is no concern regarding a compromised membrane, which may otherwise lead to significant decreases in R leak . More specifically, for cases of membrane compromise, an increase in cell diameter may lead to more serious membrane compromise; thus, negative correlations between L elongation and R leak should be observed. In this study, both lumped [28] and distributed [29] circuit models were used to convert raw impedance data into C spec and C mem . More specifically, an elongated cell was divided into n þ 1 portions where C Mp1 , C Mp2 ... C MPn were used to represent the equivalent membrane capacitance of the membrane portion along the constriction channel wall. In the case of n ¼ 1, this distributed model was simplified to the lumped model. As the cell segmentation number n was increased, convergences of C spec were observed in granulocytes (see figure 5 , data from donor ix).
For granulocytes (n cell ¼ 356) and lymphocytes (n cell ¼ 361), C spec was quantified to be 2.72 + 0.11 versus 2.27 + 0.20 mF cm with the increase of the cell segmentation number, increases in C spec for both granulocytes and lymphocytes were initially observed, followed by the decreases in C spec , which were further converged to specific values. These results suggest that compared to the lumped model, the distributed circuit model produced more accurate C spec results by taking the portions of cellular membranes along the constriction channel walls into consideration. As to the quantitative results, the converged values of C spec were lower than the values obtained from the lumped models, which were 2.00 + 0.11 and 2.09 + 0.15 mF cm 22 (n ¼ 11) versus 2.72 + 0.11 and 2.27 + 0.20 mF cm 22 (n ¼ 1) for granulocytes and lymphocytes, respectively. In comparison to granulocytes, the difference of C spec at n ¼ 1 and n ¼ 11 for lymphocytes was lower, which was due to the lower elongation lengths of lymphocytes during their travel in the constriction channel compared to that of granulocytes; thus, the contributions of the membrane portions of lymphocytes along the constriction channels to C spec were not as significant as those of granulocytes. Figure 6a shows the histogram of the C spec values from the granulocytes and lymphocytes of 10 donors (i-x) and for all donors combined (xi). In summary, the C spec of granulocytes and lymphocytes was quantified to be 1.95 + 0. 22 [30] , the values of white blood cells were higher. Note that the C spec values of circulating tumour cells were derived from the lumped circuit model and if the data were translated based on the distributed model, the values should be further decreased. In addition, the standard deviation to average ratios were approximately 10% for granulocytes and approximately 20% for lymphocytes, respectively, which were comparable with values reported by tumour cells [30, 31] , indicating the existence of electrical property variations among the same type of individual cells.
Compared to the C spec of white blood cells reported from electrorotation and dielectrophoresis (approx. 1-1.5 mF cm
22
), the values obtained using constriction channel-based impedance flow cytometry were marginally higher (approx. 2 mF cm 22 ), possibly due to the membrane folds of leucocytes. It is estimated that the total membrane area of a white blood cell is twice the surface area calculated when the cell is treated as a smooth sphere [1, 32] . In electrorotation or dielectrophoresis, the measured cell was modelled as a single-shell smooth sphere without effectively addressing the issue of the membrane folds of leucocytes; thus, these reported values of C spec are questionable.
In this study, C spec was determined by dividing quantified membrane capacitors (C Ms ) with the corresponding membrane areas ( pD 2 /2) (figure 1e). Owing to the existence of membrane folds, the values for the membrane areas used to quantify C spec were lower than the actual values; thus, the reported C spec was estimated to be higher than the actual values. However, in this study, leucocytes are forced to squeeze through the constriction channel, where the leucocytes actively enlarge membrane areas to meet this geometry challenge, corresponding to the situation when leucocytes deform through capillaries physiologically. Note that during this process, no membrane compromise was observed based on the impedance data at 1 kHz and the corresponding values of R leak . This deformation process leads to a decrease in the membrane folds of single white blood cells, and in this scenario, the effective membrane area used to quantify C spec is closer to the actual membrane area, leading to a more accurate quantification of the C spec of leucocytes.
Figure 6a also shows the results of a neural network based on classification of white blood cells using the values of C spec as the input parameters. When the C spec values from all the collected white blood cells (10 donors in combination) were used as the input data for a neural network, the successful classification rate was estimated to be 78.1% (figure 6a; electronic supplementary material, figure S1 and table S1). These results further indicate the contribution of cell type classification based on C spec . Figure 6b shows the C mem values from the granulocytes and lymphocytes of 10 donors (i-x) and for all donors combined (xi). In summary, the C mem of granulocytes and lymphocytes (10 donors in combination) was quantified to be 6.81 + 1.09 pF (n cell ¼ 3327) and 4.63 + 0.57 pF (n cell ¼ 3302), respectively, with statistically significant differences. When the C mem values from all the collected white blood cells were used as the input data for a neural network, the successful classification rate was estimated to be 91.3%, which was much higher than the classification rates using C spec (figure 6b; electronic supplementary material, figure S1 and table S1). This increase in the successful classification rate is due to the fact that C mem is a combination of C spec and cell membrane areas, which includes geometrical information of white blood cells.
Future studies may characterize the electrical properties of large populations of rare cells in blood, and the collected values of membrane capacitance will be compared with the values of white blood cells and explore the possibility of classifying rare cells in blood based on cellular electrical properties such as C spec and C mem . 
